ABSTRACT The therapeutic potential of stem cells has led to renewed interest in regenerative biology. Pancreatic stellate cells have been reported in the mammalian pancreas; however, there are very few reports on stellate cells in the chicken pancreas. The intercalated duct epithelial cells observed in the A and B islets of the chicken pancreas have been claimed to be stellate cells from their morphological appearance. While isolating islets and acinar cells from the chick pancreas, we have found a population of stellate-like cells, which has been successfully propagated in a defined nutrient medium. These cells were immunopositive for vimentin, desmin, and fibronectin and also expressed alkaline phosphatase, indicating their undifferentiated state. On exposure to serum-free medium containing specific nutrients and differentiating agents, these stellate-like-cells gave rise to islet-like cell clusters. Islet-like clusters stained positive for the islet specific stain diphenyl thiocarbazone and were immunopositive for C-peptide indicating de novo insulin synthesis. These clusters secreted insulin in response to glucose challenge, thus suggesting their similarity to islets. Thus stellate cells found in chick pancreatic islets exhibit potential to differentiate into islet-like clusters. Taken together, our study documents for the first time the presence of a stellate-like cell population in chick pancreatic islets providing a source for islet neogenesis.
INTRODUCTION
The pancreas is an important focus of stem cell research from a clinical point of view. It is an attractive target for cell replacement therapy in type 1 diabetes. It is fascinating from a developmental biology perspective that in the pancreas new cells are produced during adulthood but their origin is not clear (Dor et al., 2005) . To date, no adult pancreatic stem cell has been fully characterized. However, there is evidence for the presence of stem cells and progenitor cells during pancreatic development and adult life. Several candidate cells have been identified, isolated, partially characterized, and are reported as pancreatic stem/progenitor cells. The first report to describe in vitro-generated insulinproducing islet-like clusters (ILC) was based on the expansion of cells from a crude preparation of human (Bonner-Weir et al., 2000) and mouse pancreatic ducts (Ramiya et al., 2000) . In vitro generation of neoislets from pancreatic duct epithelial cells of Balb/C mice and their suitability for banking and transplantation have been shown in our lab (Katdare et al., 2004) . Our lab has also demonstrated the differentiation of Balb/C mice intraislet precursor cells into islets (Banerjee and Bhonde, 2003) . In vitro formation of ILC from nestinpositive cells derived from human and rodent islets has also been reported (Abraham et al., 2002) . Yang et al. (2002) have reported the in vitro generation of ILC from rat liver preparations enriched for hepatic oval cells. The differentiation of multipotent adult progenitor cells into pancreatic endocrine cells has also been suggested (Jiang et al., 2002 ).
An undifferentiated cell type called pancreatic stellate cells (PSC) was found in primary cultures of isolated acini from the exocrine pancreas of the rat. Kruse (2001) has established a method for the isolation of PSC by outgrowths from rat pancreatic tissue explanted into culture dishes. Pancreatic stellate-like cells from rat and human pancreas with the capacity of extended self-renewal and spontaneous differentiation into cell types of all 3 germ layers have been reported (Kruse et al., 2004) . During primary culture, the cells changed from a quiescent fat-storing phenotype to a highly synthetic myofibroblast like cell expressing α smooth muscle actin, desmin, collagen type I and II, fibronectin, laminin, and vimentin (Bachem et al., 1998; Lardon et al., 2002) .
The intercalated duct epithelial cells observed in α and β islets of the chicken pancreas have been claimed to be stellate cells. Electron microscopic studies of these cells have suggested their role in protecting islets against alloxan insults (Mutoh et al., 1997 (Mutoh et al., , 1998 and their importance in protecting the islet endocrine cells against the diabetogenic insults in chicken. A possible role in phagocytosis, support, contraction, stem cell function, and paracrine regulation of hormone secretion has also been suggested (Mutoh et al., 1999) . Previously, we reported a simple technique to isolate functional B islets from chick pancreata with retention of their insulin secretory activity in response to glucose challenge . We have also reported that chick B islets can be used as an alternative in vitro model for screening insulin secretagogue and hypoglycemics . In light of the role of mammalian PSC in pancreatic fibrosis and their differentiation potential (Kruse et al., 2004) , in the present study we aimed to explore stellate-like cells in the pancreatic islets of chicken and to examine their potential to differentiate into ILC.
MATERIALS AND METHODS
One-day-old chicks of the Rhode Island Red breed were purchased from Central Hatchery, Kirkee, Pune, India, and reared in cardboard boxes for 4 to 5 d. Aseptically dissected pancreata were used for isolation of islets as described previously .
All the chemicals, media, and sera used were purchased from Sigma (St. Louis, MO). Substrates of alkaline phosphatase were purchased from Roche Diagnostics, Mannheim, Germany.
Primary antibody against desmin (rabbit monoclonal, 1:50), fibronectin (rabbit monoclonal 1:1,000), and vimentin (mouse monoclonal, 1:50) were all purchased from Chemicon (Temecula, CA). The fluorescein isothiocyanate anti-rabbit and rhodamine anti-mouse secondary antibodies, normal rabbit IgG, and normal mouse IgG were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The C-peptide primary antibody (rabbit anti-human, polyclonal; 1:100) was purchased from Linco Diagnostics (Billerica, MA), whereas corresponding Alexa Fluor 546 conjugated goat anti-rabbit secondary antibody was purchased from Molecular Probes (Eugene, OR). Insulin release was measured by using an ELISA kit purchased from Biosource Europe S.A. (Nivelles, Belgium).
Isolation of Chick Pancreatic Stellate-Like Cells
Isolated chick pancreatic islets were allowed to adhere to the surface of tissue culture flasks for 48 h. These adhered islets acted as explant cultures and gave rise to the outgrowth of proliferating cells from the mother explants, subsequently leading to the formation of a monolayer of cells. This monolayer was maintained in Dulbecco's minimum essential medium (DMEM): Ham's F12 (1:1) with 5% fetal calf serum (FCS; Trace Biosciences Pty Ltd., New South Wales, Australia) and kept at 37°C in a CO 2 incubator for another 24 h. The next day medium was removed along with floating cells, and the cultures were washed once with PBS (pH 7.2) and then replenished by defined serum-free medium consisting of DMEM: Ham's F12 with 10 mM nicotinamide (Sigma), 2% BSA, and 50 μM β mercaptoethanol supplemented with antibiotics (penicillin, 200 U/mL, and streptomycin, 200 μg/mL, Hindustan Antibiotics, Pune, India). Cultures were incubated as mentioned earlier. Cultures were inspected for morphological changes under a phase contrast microscope (Olympus, Tokyo, Japan).
Culture of Chick Pancreatic Stellate-Like Cells
After 48 h serum-free medium was removed from the cultures and the cells were cultivated separately in 4 different tissue culture media viz. RPMI 1640 with high glucose DMEM, Ham's F12 (20 mM glucose) and DMEM: Ham's F12 (1:1) containing 10% FCS and supplemented with antibiotics to assess their ability to support long-term culture of stellate-like cells. Medium was changed every 48 h, and cultures were observed under phase contrast microscope (Olympus).
Cells viability was judged using trypan blue dye exclusion test (Warburton and James, 1995) as well as by using 3-(4, 5-dimethylthiazone-2yl)-2-5-diphenyltetrazolium bromide (MTT) assay as described by Carmichael et al. (1987) . Cell growth in different passages was measured by plating the cells at a density of 1 × 10 4 cells/35-mm dish in Ham's F12 (20 mM glucose) containing 10% FCS, and the cell number was measured at every passage (every fourth day with a split ratio of 1:2).
Characterization of Chick Pancreatic Stellate-Like Cells
Chick pancreatic stellate-like cells isolated and expanded from the primary cultures of chick pancreatic islet explants were characterized for the presence of stellate cell and stem cell markers such as fat storage (Fukushima et al., 2005) by oil red O staining and immunoreactivity to desmin, fibronectin, and vimentin using confocal microscopy and alkaline phosphatase staining (Wobus et al., 1984 (Wobus et al., , 1988 Holen and Hamre, 2003) .
Oil Red O Staining
Cells were gently rinsed with PBS twice and fixed with 10% formalin in buffer for 1 h at room temperature. After fixation, cells were given 2 gentle washes with PBS and incubated in working solution of oil red O for 1 h at 37°C. Stain solution was removed, and cells were washed with PBS and observed under phase contrast microscope.
Alkaline Phosphatase Staining
Cultured stellate cells were washed with PBS, fixed in 1% glutaraldehyde in buffer for 10 min at 4°C. Fixed cells were washed twice with PBS and then stained dark for alkaline phosphatase activity using nitro blue tetrazolium salt in 70% dimethylformamide (vol/vol, 75 mg/mL) and 5-bromo-4-chloro-3-indolyl phosphate, toluidinium in dimethylformamide (BCIP, 50 mg/mL) as substrates. After incubation in substrate solution for 15 to 30 min, cells were washed twice with PBS and observed under light microscope.
Immunofluorescence Staining and Confocal Laser Scanning Microscopy
Cultured stellate cells were washed twice with PBS. Cells were fixed with 4% paraformaldehyde (wt/vol, ICN Pharmaceuticals, Los Angeles, CA) prepared in PBS (pH 7.2) for 10 min at room temperature. They were washed 3 times with PBS containing 0.5% BSA and 0.1% sodium azide. Permeabilization was done with 0.2% Triton-X 100 for 5 min at 4°C. After 3 washes with PBS, cultures were blocked with 5% BSA for 60 min to block nonspecific binding of IgG. Antibody staining was carried out by incubating the cells with primary antibodies against vimentin, desmin, and fibronectin at room temperature for 2 h. Antibody dilutions were prepared in PBS containing 1% BSA. After overnight incubation the coverslips were washed 3 times in PBS containing BSA, each wash for 5 min. After washings, cells were incubated with fluorescein isothiocyanate or rhodamine labeled secondary antibody for 1 h at room temperature. After secondary antibody incubation cultures were washed 3 to 4 times with PBS and mounted with mounting medium (Oncogene Research Products, San Diego, CA). The cells were observed using a pinhole setting of 100 μm with a confocal laser scanning microscope (Carl Zeiss, Jena, Germany). Images were captured by the CCD-4230 camera coupled with the microscope and processed using the computer-based programmable image analyzer KS300 (Carl Zeiss).
Differentiations of Stellate-Like Cells
Confluent cultures of pancreatic stellate-like cells (PSLC) were fed with Ham's F12 containing 5% FCS and incubated at 37°C in a CO 2 incubator for another 24 h. Medium was removed on the next day along with floating cells, and the cultures were washed once with PBS and then replenished by defined serum-free medium containing Ham's F12 (20 mM glucose) with 1× ITS supplement (5 mg/L of insulin, 5 mg/L of transferrin, and 5 mg/L of selenium), 10 mM nicotinamide (Sigma), 2% BSA, and antibiotics (penicillin, 200 U/ mL and streptomycin, 200 μg/mL, Hindustan Antibiotics). Retinoic acid (Sigma) 10 −6 M was added as a differentiating agent to the serum-free medium. Every 48 h medium was removed, and cultures were observed under phase contrast microscope.
Characterization of Islet-Like Clusters
Structural and Morphological Characterization. About 20 to 24 d on induction of differentiation, chick PSLC differentiated into ILC. Newly generated ILC floating in the medium were collected and assessed for viability using trypan blue dye exclusion test (Warburton and James, 1995) . Specificity of these clusters of varying sizes was examined by islet specific stain diphenylthiocarbazone (DTZ; Samual et al., 1994) . Immunocytochemical characterization was carried out by confocal microscopy analysis using islet specific marker, C-peptide following the routine protocol for confocal microscopy as described above for immunostaining of stellate-like cells.
Functional Characterization. Insulin secretory response of the newly generated islets against the secretagogues glucose and l-arginine (amino acid) was recorded and compared with that of freshly isolated chick islets. Briefly, triplicate groups of 150 to 200 islets each were placed in a single well of 24-well plates (NUNC, Roskilde, Denmark), each containing 1 mL of Kreb's ringer bicarbonate buffer (pH 7.4) containing 0.5% (wt/vol) BSA and supplemented with basal glucose concentration (i.e., 16 mM). The plates were incubated at 37°C in a CO 2 incubator for 1 h. The supernatants were collected and stored at −20°C. These islets were then challenged with Kreb's ringer bicarbonate buffer supplemented with 30 mM glucose and 10 mM arg. The plates were further incubated for 1 h. The supernatants were collected and stored at −20°C. Insulin concentration of all the stored samples was determined by enzyme amplified immunoassay using Bio-source INS-EASIA performed on microtiter plates (Biosource; .
Statistical Analysis
Results are expressed as mean ± SEM. The statistical significance of differences among groups was analyzed using Student's t-test.
RESULTS

Isolation and Cultivation of Chick PSLC
Primary cultures of chick pancreatic islet explants proliferated and gave rise to a monolayer of a mixed population of cells ( Figure 1A) . Treatment of this monolayer with serum-free medium containing β-mercaptoethanol resulted into the elimination of fibroblasts ( Figure 1B) DATAR AND BHONDE leading to enrichment of stellate-like cell population ( Figure 1C ). The cells attained confluency within 6 to 8 d after isolation ( Figure 1D ). These cells could be maintained in their undifferentiated state for 15 to 17 passages. To optimize the culture conditions, we used 4 different nutrient media and assessed their effect in terms of percentage viability, time taken to attain confluency, and the number of passages undergone (Table  1) . It is seen in Table 1 that among the different media used, Ham's F12 (with 20 mM glucose) was found to be the best to support long-term culture of chick PSLC. Viability of cells in different passages was also studied using MTT assay and was found to be greater than 85% (data not shown).
Characterization of Chick PSLC
Chick PSLC showed spontaneous adipogenesis after 2nd or 3rd passages, which was confirmed by oil red O staining ( Figure 2D ). Alkaline phosphatase staining has been used to evaluate pluripotency of embryonic stem cells in mammals. In the present study, similar staining was done for identifying stem cell characteristics of stellate cell cultures. When stellate cells at passage 10 were stained by BCIP-nitro blue tetrazolium, most of the cells exhibited strong alkaline phosphatase activity confirming their stem cell status ( Figure 2E ). Immunocytochemical analysis carried out with confocal microscopy for specific cytoplasmic stellate cell markers like desmin, vimentin, and fibronectin revealed positive expression of these markers by PSLC confirming their identity as stellate cells. Expression of vimentin and fibronectin by PSLC also suggests that these cells may be progenitors/precursor cells (Figure 2A , B, and C).
Differentiation of Chick PSC
Confluent cell monolayers, when stimulated with serum-free medium containing nicotinamide and retinoic acid, showed disruption of the monolayer followed by cell aggregation resulting into formation of ILC. Figure  3 represents the processes involved in the differentiation of chick PSC. Confluent sheet of stellate cells ( Figure  3A) show the zones of intense activity throughout the monolayer about 4 to 6 d after induction of differentiation ( Figure 3B ). Subsequently, these zones became morphologically organized into cell clusters ( Figure  3C ), which get converted into ILC by the end of 28 d ( Figure 3D ). These ILC detach and float in the medium within next 4 to 6 d. These floating ILC were collected and cultured in DMEM: Ham's F12, 1:1 with 10% FCS for 48 h before further characterization.
Characterization of Newly Generated Islet-Like Clusters
Structural and Morphological Characterization. Newly generated ILC of varying sizes ( Figure 4A ) appeared crimson red in color after DTZ staining ( Figure  4B ) indicating insulin specificity. Confocal microscopy analysis revealed that the newly generated islets were positive for islet specific marker C-peptide ( Figure  4C ).
Functional Characterization of Islet-Like Clusters Differentiated from PSLC. Insulin secretory response of the newly generated islets was recorded against the secretagogues glucose and l-arginine and compared with that of freshly isolated chick islets. Newly generated islets were highly sensitive to l-arginine and less sensitive to glucose. In contrast, freshly isolated islets were less sensitive to l-arginine and highly sensitive to glucose (Table 2) .
DISCUSSION
The present investigation deals with the isolation, expansion, characterization, and differentiation of stellate-like cells from chick pancreatic B islets. The intercalated duct epithelial cells present in the A and B islets of the chick pancreas have been claimed as stellate cells (Mutoh et al., 1999) . Here we show for the first time that the stellate-like cells derived from chick pancreatic islets can be differentiated into ILC. These cells have been characterized for the presence of specific stellate cell markers such as desmin, vimentin, fibronectin, and lipid storage. (Figure 3) .
We further show that the stellate cells isolated from B islets of the chick pancreas proliferate in serum containing medium and retain their self-renewing capacity for extended period (Table 1) . However, serum deprivation and addition of retinoic acid and nicotinamide triggers their differentiation into ILC (Penny and Kramer, 2000) . These ILC stained positive for DTZ and were immunopositive for C-peptide (Figure 4) . Recent studies have shown that retinoic acid signaling is essential for the development of the pancreas of nonmammalian vertebrates (Martin et al., 2005) and also to induce differentiation of embryonic stem cells into pancreatic β cells (Shi et al., 2005) . Failure of insulin cells to survive or differentiate in explants of embryonic avian pancreas cultured in collagen gel with serum-containing media and choice of serum-free defined medium essential for induction of islet/acinar specific differentiation has been reported (Andrew et al., 1994) . Our present data support these reports. It is well established that the components of biomatrix and serum-free medium are important for the survival and differentiation of insulinproducing cells in embryonic chick (Fong et al., 1981; Rawdon and Andrew, 1997) . Intra-islet precursor cells (Banerjee and Bhonde, 2003) and pancreatic duct stem cells in mouse pancreas (Katdare et al., 2004) require matrigel coating and serum-free medium for proliferation and differentiation whereas, chick islet-derived stel- late cells did not require matrigel coating. However, for in vitro islet differentiation serum deprivation is a common denominator for both chick and mouse islets. Both intra-islet precursor cells and pancreatic duct stem cells from mouse pancreas are characterized by presence of CK7 and CK19 epithelial cell markers (Gershengorn et al., 2004) , which are absent in the chick stellate cells (data not shown). This rules out the similarity between chick islet stellate cells and mouse intra-islet precursor cells, although both originate from the islet.
Another possibility of origin of chick islet stellate cells could be the epithelial mesenchymal transition as shown in case of human cadaver islets (Gershengorn et al., 2004) . Earlier work on chick pancreas (Mutoh et al., 1997 (Mutoh et al., , 1998 (Mutoh et al., , 1999 clearly indicated presence of the stellate cells in chick A and B islets as a part of intercalated duct cells, probably excluding the possibility of epithelial mesenchymal transition, which needs to be verified.
Mammalian PSC are essentially involved in the development of pancreatic fibrosis, a constant feature of chronic pancreatitis and pancreatic cancer (Jaster, 2004) . Despite the established role of PSC in pancreatic fibrosis, it has been suggested that PSC contribute to regeneration early after pancreatitis in humans (Zimmermann et al., 2002) . Our data support these findings and suggest that the role of PSC in regeneration seems to have been conserved through evolution. Presence of such stellate cells and their role in islet neogenesis has also been reported in other mammalian species including humans. We report here the chick pancreatic islet-derived stellate cells differentiating into islets for the first time. However, it was not possible to compare chick stellate cells with those of mouse due to nonavailability of chick-specific antibodies.
Although newly differentiated islets were functional, the secretory levels of these cell-specific proteins (insulin) were significantly low. We speculated that the immaturity of these cell types might account for their low secretory activity. Further study is clearly needed to determine the conditions for their maturity similar to our earlier reports (Banerjee and Bhonde, 2005) . Our present data on insulin secretion by the newly generated islets from chick PSC are in agreement with our earlier reports Bhonde, 2003, 2005) suggesting a role of ontogeny in determining glucose responsiveness (Banerjee and Bhonde, 2005) .
The chick PSC reported in present investigation are similar to these mammalian PSC (Kruse et al., 2004) , thus supporting the concept of stem cells as highly conserved biological units of development and regeneration (Laird et al., 2005) . The establishment of chick pancreatic stellate cell culture system would provide an alternative model for testing factors having mitogenic and islet neogenic properties. In summary, we have successfully isolated, identified, and partially characterized a self-renewing stellate cell population capable of differentiating into ILC, documenting their similarity with mammalian PSC. Table 2 . Insulin secretion (mIU/mL) by freshly isolated and newly generated islets Superscripts indicate values that differ significantly from one another. 1 Insulin secretion was determined by enzyme amplified sensitivity immunoassay using Biosource INS-EASIA performed on microtiter plates (Biosource Europe S.A., Nivelles, Belgium). Insulin levels were measured in mIU/ mL. Data represented as means ± SEM. Statistical analysis was carried out by ANOVA.
